The sickle cell trait (HbAS) protects against severe Plasmodium falciparum malaria in young African children. We investigated the extent of the association between HbAS and antibodies directed to parasite-derived variant surface antigens (VSAs) on the membrane of infected erythrocytes. We measured immunoglobulin G (IgG) responses with specificity for VSAs of 2 heterologous parasite isolates in 458 Gabonese children aged between 6 months and 11 years. Logistic regression analyses showed a highly significant independent association ( ) between carriage of HbAS and the presence of IgG anti-VSA responses; this association was related P ! .001 specifically to IgG1 and IgG4 subclasses in the anti-VSA profile. IgG2 and IgG3 anti-VSA responses were both independently associated with older age, consistent with the pattern observed in semi-immune adults. The results imply that enhanced levels of cross-reactive anti-VSA responses in children with HbAS may be intimately associated with the protection they have against malaria.
in some areas reaching 30%-in sub-Saharan African communities exposed to high rates of infection with P. falciparum [2, 3] . HbAS has also been reported to protect against P. falciparum malaria-related morbidity in general, as well as against elevated parasitemia and/or infection per se [4] [5] [6] [7] [8] [9] . The mutation in the homozygous state (HbSS) leads to the disease referred to as "sickle cell anemia," a life-threatening condition that usually results in early death [10, 11] . HbAS in such populations thus exemplifies a balanced polymorphism that confers a selective advantage to the heterozygote [12] .
A number of mechanisms have been proposed to mediate the protection afforded by HbAS; these include accelerated sickling of parasite-infected HbAS erythrocytes, poorer parasite invasion and growth rates in HbAS erythrocytes, and enhanced phagocytosis of infected HbAS erythrocytes, but the relative contribution of any or all of these in vivo is not known [1, [13] [14] [15] [16] [17] [18] [19] . P. falciparum infections in African children with HbAS have been shown to comprise a greater multiplicity of strains, compared with those in their counterparts with HbAA, and it is postulated that such polyclonality results in earlier exposure to a broad repertoire of parasite strains, with a consequent enhancement of acquired immune responses [20] . Definitive proof of immunological correlates of the protective effects of HbAS has, however, proven elusive; differences in both cell-and antibody-mediated parasite antigen-specific responses related to HbAS carriage have been reported in some but not all studies [5, 8, 17, [21] [22] [23] . A potentially pivotal role for acquired antibody responses was suggested by the results of a cross-sectional study in The Gambia that reported higher titers of IgG directed to parasite-derived "neoantigens" on the infected erythrocyte surface in children with HbAS than in those with HbAA [24] . Among the neo-antigens, now commonly referred to as "variant surface antigens" (VSAs), the clonally variant P. falciparum erythrocyte membrane protein-1 (PfEMP-1) is the best-described and is thought to play a role in the physiopathology of malaria through adhesive interactions with a variety of host endothelial receptors [25, 26] . There is a wealth of evidence to suggest that antibodies directed to VSAs expressed by both homologous and heterologous parasite isolates contribute to protection against malaria [27] [28] [29] [30] [31] [32] .
Associations between the severity of P. falciparum malaria and red blood cell polymorphisms other than HbS have been reported for antigens of the ABO blood group as a whole that mediate the in vitro phenomenon known as "rosetting" [33] [34] [35] [36] [37] [38] . Support for these findings can be found in the results of field-based epidemiological studies showing that severe malaria is relatively more frequent in individuals with non-O antigens [3, 39] . The study we present here was designed to detect independent associations between either HbAS or ABO blood group and IgG antibody responses directed to VSAs of heterologous parasite isolates, in a cross-sectional study of a large cohort of Gabonese children with a broad age range. The classical cytophilic IgG subclasses, IgG1 and IgG3, are known to mediate phagocytosis of P. falciparum-infected erythrocytes, and, in certain circumstances, parasite antigen-specific IgG2 antibodies may also act as opsonins [21, 40, 41] . Our own earlier studies in this context have shown that IgG2 antibodies are among the most prominent in the profile of subclass-specific IgG anti-VSA responses in semi-immune Gabonese adults [42] . We therefore also aimed to determine how any associations, if present, might be related to the IgG subclass profile of anti-VSA antibodies in the cohort of children in the present study.
SUBJECTS AND METHODS
Study site. This study was conducted in Bakoumba, a village located in the Haut-Ogooué province in southeastern Gabon. P. falciparum malaria in the area is meso-to hyperendemic, with perennial transmission marked by peaks associated with the rainy seasons from February to May and October to December [43] .
Ethical clearance. The study was approved by the ethics committee of the International Centre for Medical Research of Franceville. Children were included in the study only after oral, informed consent was obtained from their parents or guardians.
Study design. A total of 787 children living permanently in Bakoumba and aged between 6 months and 11 years were enrolled into a cross-sectional survey in May and June 1999, during a seasonal peak in malaria transmission. An identical follow-up cross-sectional survey was performed with the same cohort during the corresponding period 1 year later. On each occasion, peripheral venous blood samples were collected into heparinized collection tubes, and thick and thin blood smears were immediately prepared. Blood samples were then stored cool and transported on the day of collection to the laboratory in Franceville, where they were immediately centrifuged for separation of plasma and cell pellets. For the latter, standard procedures were used for assessment of ABO blood group type, rhesus factor, and Hb phenotype (electrophoresis on a cellulose acetate gel with alkaline buffer). After drying at ambient temperature and transportation, blood smears were routinely stained with Giemsa and examined microscopically for detection of plasmodia. Children found to be homozygous (HbSS) for the sickle cell mutation or found to have double mutations of the Hb b chain (e.g., HbSC) were excluded, as were those presenting with either mixed infections or monoinfections with plasmodium species other than P. falciparum.
Plasma samples. Plasma samples from centrifuged anticoagulated blood were stored frozen as aliquots at Ϫ20ЊC, transported frozen on dry ice to the University of Tübingen laboratory, and stored at Ϫ80ЊC until required. For the study described here, we selected plasma samples from 458 children enrolled in 1999. Our original intention was to investigate the evolution of antibody responses by use of paired samples collected 1 year apart, but this proved impossible, for technical reasons. The 458 samples originally selected therefore comprised (1) plasma from the 395 children seen both in 1999 and 2000 and (2) plasma from a further 63 children with HbAS who were enrolled in 1999 but not seen in 2000, included to increase the overall sample size of children with HbAS. Samples from 37 children were excluded from the final analysis, because of incomplete data on Hb phenotyping and/or ABO blood group determination, resulting in a final sample size of 421 children. Twenty-one additional plasma samples from German blood bank donors with no history of travel to malarious areas were included as negative controls.
Parasite isolates and culture. An isolate referred to as Cys007 was obtained from a child presenting with severe malarial anemia, whereas isolate Cym030 was obtained from a child presenting with mild malaria. Both were obtained in a study conducted in 1997 at the Albert Schweitzer Hospital in Lambaréné, Gabon. These isolates were adapted to in vitro culture in accordance with the method of Trager and Jensen [44] . Both were confirmed monoinfections with P. falciparum and were also shown by routine standardized merozoite surface antigen-based polymerase chain reaction genotyping techniques to be polyclonal, each comprising at least 3 different strains (C. Yone, personal communication). Binding assays were conducted with a melanoma cell line (MC32), as described elsewhere [45] , to confirm the CD36-binding capacity of trophozoite-infected erythrocytes (T-IEs). Flow-cytometric analysis. Details of these particular methods have been described elsewhere [45, 46] . Briefly, T-IEs were washed in RPMI 1640 and resuspended in PBS/1% bovine serum albumin (BSA) at 10%-15% parasitemia. Fifty microliters of the T-IE suspension were then transferred to roundbottomed 96-well tissue culture plates (Costar), and 50 mL of plasma samples previously diluted 1:20 in PBS/1% BSA were added to each well. Negative control plasma was included in each assay, comprising plasma samples from 21 European donors resident in Germany with no history of contact with Plasmodium species. After 30 min of incubation at room temperature, the plates were spin-washed 3 times with PBS/1% BSA at 120 g for 2 min. Fifty microliters of mouse anti-human IgG at a 1:100 dilution or mouse anti-human IgG1, IgG2, IgG3, or IgG4 (SkyBio) at a 1:50 dilution were added to the wells and incubated for 30 min at room temperature, followed by spin-washing as described above. Finally, a fluorescein isothiocyanate (FITC)-coupled goat anti-mouse IgG antibody (Southern Biotech) containing 50 mg/mL ethidium bromide was added at a 1:100 dilution. Plates were incubated for a further 30 min and washed as described above. Samples were assayed by fluorescence-activated cell sorting (FACS), immediately after the double staining, on a FACScan (Becton Dickinson), by use of CellQuest software (version 3.3; Becton Dickinson). An event was defined as the passage of 1 cell through the cytometer optical system. We counted 10,000 events/sample, and the geometric mean of the fluorescence intensities was calculated. The mean fluorescence intensity (MFI) was defined as the difference between the geometric mean of the fluorescence emitted by the T-IEs and the geometric mean of the fluorescence emitted by the noninfected erythrocytes (background). All total IgG-mediated responses from 421 children were measured for a given parasite isolate in a single flow-cytometric session together with the panel of negative controls. For technical reasons, primarily because of the large sample size, when measuring IgG subclass responses it was not possible to perform simultaneous assays with the complete set of samples; therefore, samples were randomly divided and tested in 3 separate flow-cytometric sessions when the 4 IgG subclasses were measured in parallel. All flow- sponses to 1 of the 2 isolates was detected. None of the other variables tested showed any significant associations.
Multivariate analyses of association with IgG anti-VSA responses. Logistic regression was applied to test the overall effect of all of the above-mentioned variables on the IgG anti-VSA responder status. The results of these analyses applied to responses directed to the parasite isolate Cys007 are presented in table 3, for both total and subclass-specific IgG anti-VSA responses. An independent positive association was found between HbAS and total IgG anti-VSA response, and this association was evident separately for both IgG1 and IgG4 anti-VSA responses to this isolate (table 3). Older age was also found to be independently associated with a significant increase in the probability of both IgG2 and IgG3 anti-VSA responses (table  3) . Weak positive associations between the presence of parasitemia and IgG3 or IgG4 anti-VSA responses were also detected (table 3) .
Similar analyses of responses to the parasite isolate Cym030 are presented in table 4. An independent positive association was found between HbAS and total IgG anti-VSA response, but in this case the association did not extend to subclassspecific IgG anti-VSA responses (table 4). Older age was found to be independently associated with a significant decrease in the probability of IgG1 anti-VSA response but with an increase in the probability of an IgG2 anti-VSA response to this isolate, whereas parasitemia was weakly associated with a reduced probability of an IgG1 anti-VSA response (table 4) . A weak positive association between blood group O and IgG3 anti-VSA response to this isolate was also detected, but there was no association between any variable and IgG4 anti-VSA responses (table 4) .
We conducted polychotomous regression analyses to test the overall effects of Hb phenotype and other covariates on the total IgG anti-VSA response-that is, we assessed the effect of potential risk factors on a plurimodal output. For this purpose, the data for the 2 isolates were pooled, thus allowing assessment of effects on responses to either isolate or to both together. The results of this analysis are shown in table 5. Children with HbAS were almost 5 times more likely than those with HbAA to have IgG directed to VSA expressed by either of the 2 parasite isolates. Independently, girls were found to have a significantly lower likelihood than boys of having IgG anti-VSA responses to both isolates but not to each isolate separately.
DISCUSSION
This study was designed to identify any independent influences of the sickle cell trait-that is, carriage of HbAS-or of ABO blood group type on IgG antibody responses directed to P. falciparum asexual-stage antigens in Gabonese children. Although other red blood cell polymorphisms (a-thalassemia and G6PD deficiency) are present, the available evidence suggests that they do not influence the outcome of P. falciparum infections in this population [3] . The original finding of Marsh et al. [8] showing a significantly higher titer of anti-VSA antibodies in the serum of Gambian children with HbAS than in the serum of those with HbAA has not, for reasons that remain obscure, been independently confirmed in other studies, either in The Gambia or elsewhere [5, 7] . In any case, anti-VSA antibody responses are now generally accepted to be a primary contributor to the development of acquired antimalarial immune protection during early life [27] . Our study design, therefore, had as its basis the concept that the protection against malaria afforded to HbAS carriers might be associated with enhanced anti-VSA antibody activity. Since the latter may be manifest either qualitatively or quantitatively, we included an assessment of IgG subclass responses in our study. It should be noted that the proportion of children with HbAS included in our study sample is not representative of that in the general population, but there is no obvious reason to suppose that this represents a selection bias that could have modified an under-lying association between the HbAS phenotype and levels of anti-VSA antibodies, other than by increasing the power of the analyses.
The findings we report here provide unequivocal evidence of an independent association between enhanced IgG antibody responses with specificity for the VSAs expressed by heterologous parasite isolates and carriage of HbAS in young African children. The cross-sectional nature of the study, nevertheless, precludes any definitive conclusion concerning cause and effect with respect to HbAS-mediated protective mechanisms. Although we fully recognize the validity of this particular caveat, we feel it reasonable to conclude that enhancement of such VSA-specific antibody responses per se could be expected to contribute to suppression of parasite growth in vivo through, for example, enhanced opsonization and phagocytosis of parasite-infected erythrocytes [40, 41] . In the present study, we did not assess possible HbAS-mediated differences in antibody responses with specificity for other P. falciparum asexual-stage antigens. However, the majority of studies that have addressed this particular question have failed to detect differences in either the prevalence or the magnitude of such responses in children with HbAS versus those with HbAA [5, 7, 8, [21] [22] [23] . We speculate that the most plausible functional explanation for this HbASassociated alteration in acquired immune activity comprises modified antigen expression at the surface of infected HbAS erythrocytes, as has been described for the thalassemias [47] .
In addition to the clear demonstration of the independent nature of the HbAS/anti-VSA antibody association, our findings both confirm and extend those of Marsh et al. [8] in several other ways. First, we have shown that the association between HbAS and IgG anti-VSA activity is demonstrable with at least 2 different heterologous parasite isolates with origins that are both spatially and temporally distinct with respect to study site. In the context of the protection against malaria afforded to HbAS carriers, this lends support to the idea that IgG antibodies with specificity for conserved epitopes on VSAs may play a functional role in suppression of parasite growth [49] . Second, our data provide some clarification of the role of different IgG subclasses in the augmented anti-VSA antibody activity of children with HbAS. Interestingly, in this context, the subclasses revealed as being strongly associated with HbAS-IgG1 and IgG4-differ from the subclasses that predominate in the profile of anti-VSA antibody responses of semi-immune Gabonese adults-that is, IgG2 and IgG3 [42] . The lack of knowledge of the interactions at the molecular level between VSA, epitopes thereof, and specific IgG subclasses precludes any meaningful interpretation of this observation, although it may be pertinent that IgG1 not only is a major cytophilic subclass but also is the subclass present at the highest concentration and with the longest half-life in human serum. Somewhat paradoxically, IgG4 responses, in the context of P. falciparum malaria, are commonly thought to have a blocking role, inhibiting the activity of cytophilic subclasses [21, 40] . Our logistic regression analyses did, on the other hand, reveal the strong positive associations between both IgG2 and IgG3 anti-VSA responses and older age in the cohort of children in our study. This latter finding is consistent with age-related patterns of parasite antigen-specific IgG subclass responses reported by others and serves to emphasize 2 important points: (1) it provides convincing validation of the subclass profile observed in our earlier study of adult Gabonese, and (2) it indicates that the profile of subclass-specific IgG anti-VSA responses in children already resembles that of semi-immune adults at a relatively young age, consistent with the rapid acquisition of immunity under conditions of intense exposure to infection [21, 48] .
A somewhat unexpected finding of our study concerns the significantly inferior anti-VSA antibody responses in girls. Younger girls were found to have P. falciparum parasitemias higher than those in boys in a cross-sectional study of Ghanaian children, but the reverse was true in older age groups [50] . On the other hand, antibody responses to some P. falciparum asexual-stage (non-VSA) antigens were found to be higher in Papua New Guinean girls than in boys, although the statistical significance of this effect was relatively weak and was subsumed by non-sex-related factors [51] . Convincing functional explanations for any of these sex-related effects are lacking, but hormonal changes have been shown to exert strong effects on malaria-related outcomes in older age groups [52, 53] .
In summary, our findings add to the burgeoning body of evidence supporting a role for antibody responses to VSAs of heterologous parasite isolates-that is, cross-reactive anti-VSA antibodies-in acquired immunity against malaria [28, 32, 42, 54, 55] . Theoretical considerations suggest that individuals who are better able to respond to cross-reactive epitopes on VSAs are more likely to sustain chronic P. falciparum infections [49] . Maintenance of chronic subclinical infections at very low levels of parasitemia is characteristic of semi-immune individuals exposed to high rates of transmission. When these strands of information are drawn together, they suggest a major contribution of enhanced cross-reactive subclass-specific IgG anti-VSA responses to the significant protection against malaria found in children with HbAS.
